ABSTRACT A co-planar waveguide fed slot antenna element with 34% impedance bandwidth and 2-3 dBi broadside gain is proposed. The corner bent topology of the element is investigated for reduced physical footprint and easier integration with the mobile terminals operating in the 28-GHz band. The front-to-back ratio of the corner bent antenna is 1 dB in the xy plane, which indicates a high specific absorption rate. A compact wideband reflector is proposed which has transmission of less than −25 dB and a linear phase ±90 • in the 27-33-GHz bandwidth. The wideband reflector is integrated with the corner bent antenna at 0.135λ offset from the radiating aperture. The corner bent antenna integrated with the reflector operates in the 27-33-GHz band, with a front-to-back ratio of more than 14 dB across the band and a forward gain of 6-7.2 dBi. The radiation patterns are stable for 20% bandwidth. The simulated and measured results are presented.
I. INTRODUCTION
Due to massive explosion in bandwidth hungry applications of cellular telephony, the hardware architecture for the future 5G communication system needs to support the proposed mmWave bands [1] . The candidate bands for 5G cellular telephony include 28 GHz and 37-40 GHz bands as proposed in [2] . The strategy is to ease spectral congestion in the sub-6 GHz bands. Hence, migration to higher carrier frequencies would facilitate design and development of hardware ecosystem compliant with the proposed bands [3] . The challenge with 28 GHz band deployment is the high path loss and penetration losses as reported in [4] . In order to compensate these, antennas deployed in the communication system need to mitigate their effects [3] . High gain necessarily means that the beamwidth would be low, hence decreasing coverage. It's a trade-off between gain and coverage area, which needs to be considered for design and deployment [5] . The desired characteristics of a 5G mobile terminal antenna include conformal structure, low physical footprint, high impedance bandwidth to support future spectrum at 28 GHz, stable patterns over the entire band with low specific absorption rate, high gain for the available aperture on the terminal and pattern diversity to support functionalities in multi-orientation [6] . Various configurations of antennas for 5G mobile terminals have been investigated such as [7] which has multilayered design, hence occupying relatively larger area, with a 9% impedance bandwidth. Even though the antenna element proposed in [8] has a 10% bandwidth the radiation patterns might not be suitable for integration with the mobile terminal. The element proposed in [9] has a bandwidth of more than 35% with an end fire gain of 4-6 dBi, but the design is planar. The design presented in [10] offers 20% bandwidth with a SIW feed, hence increasing the complexity of the design. It must be noted that most of the reported designs are planar and designed with microstrip feed.
Conformal designs have been proposed earlier, such as in [11] meant for lightweight UAV applications, the design process could be adapted for a mobile terminal but the scaffolding of antenna would contribute to losses in addition to impedance mismatch. The SIW conformal antenna proposed in [12] would increase the complexity of fabrication process. The conformal antenna proposed in [13] is designed at 60 GHz and mounted on a cylindrical surface with a radius of 25 mm, hindering its utility in 5G mobile terminals at 28 GHz. CPW feed would be the preferred method of feeding conformal antennas to be integrated with mobile terminals to facilitate uniplanar transition. VOLUME 7, 2019 This work is licensed under a Creative Commons Attribution 3.0 License. For more information, see http://creativecommons.org/licenses/by/3.0/ CPW feed is feasible at lower frequencies upto 15 GHz as demonstrated in [14] , the dimensions of the 50 feed line would permit the application of standard inexpensive chemical etching process for fabrication. The CPW feed is also popular at mmWave frequencies and beyond since the dimensions of the transmission line would be readily feasible with the micro-fabrication technologies [15] .
The CPW fed LPDA antenna proposed in [16] has a gain of 1.5 -4 dBi and is planar in nature. Even though, the CPW-fed mmWave antenna demonstrated in [17] has an operating frequency at 30 GHz, the bandwidth is low (less than 5%) and it uses an air-bridge in the feedline for impedance match. Hence, a wideband CPW-fed corner bent antenna is proposed. The proposed antenna has low physical footprint and stable patterns in the 27 to 33 GHz band with a forward gain of 6-7 dBi. Detailed designs, simulation and measurement results are presented. The proposed CPW fed slot antenna is described in section II, followed by its corner bent counterpart in section III. The corner bent antenna backed by wideband reflector is described in section IV.
II. CPW FED WIDEBAND ANTENNA
The proposed CPW fed slot antenna is illustrated in Figure 1 . It is constructed on Nelco NY9220 substrate with ε r of 2.2 and 0.508 mm thickness. A low dielectric constant is chosen to keep the surface wave modes to a minimum as opposed to a higher dielectric constant substrate [16] . Electrically thin substrate was chosen to keep the cross-pol radiation to a minimum in the end fire. A 2.7mm wide CPW line with a gap of 0.2mm is chosen for the feed line since wider trace lines larger than half wavelength at the frequency of interest would lead to an over-moded antenna and hence results in dual-beam with poor patterns in the broadside [19] . The circular slot is the primary radiator in this topology. The feed is a 59 CPW line in series with a stepped impedance transformer of 50 followed by the capacitive slot, which has a high impedance of around 80 leading to an input impedance of around 65 , hence achieving |S 11 | less than −10dB. Figure 2 illustrates the E field patterns at 22 and 28 GHz of the proposed antenna, the half-wavelength transmission mode is also illustrated. It is observed that the circular slot is uniformly illuminated irrespective of the frequency, hence a wide impedance bandwidth is achieved. The equivalent circuit is shown in Figure 3 (a) and this was simulated in Agilent ADS. The diameter of the radiating slot matches quarter-wavelength at 28 GHz. An impedance match at the lower end of the frequency range could be achieved with a diameter tuning near 2 mm. The distance between the feed and the radiating aperture is maintained at more than 1λ to reduce mutual coupling between the end-launch connector and the antenna [21] . The overall width is sufficient for the connector mount and to maintain broadside patterns. The T shaped transformer is key for achieving the impedance match over more than 30% of the bandwidth. The input reflection coefficient variation with width of the stepped impedance transformer (p) is shown in Figure 3 (b). For the chosen quarter-wave aperture dimension and the CPW feed line, the optimal width of the transformer was found to be 6.7 mm. The contour of the slot is equally important to establish the impedance match and beam integrity. For instance, square or elliptical slots would result in less than 15% bandwidth due to improper mode excitations.
Since, the radiating aperture is not backed by a ground plane, a symmetric beam is formed on both sides of the aperture [15] . The simulated and measured input reflection coefficient is depicted in Figure 3 (c). All the full-wave simulations were performed in Ansys HFSS. The measured impedance bandwidth is from 20 to 28 GHz (34%). The variation in input reflection coefficient is minimal even with a gap of upto 0.3mm in the CPW feedline. The measurements were done using Agilent PNA E8364C. The discrepancy could be attributed to fabrication tolerances, and the deviation between port impedance used in simulation and the impedance offered by the end-launch connector. A multi-segmented impedance transformer would have resulted in higher bandwidth, with a re-designed profile of the radiator, but the broadside patterns would be more specular.
The radiation patterns in both the principal planes i.e., E plane (XZ plane) and H plane (YZ plane) at 22, 25 and 28 GHz are shown in Figure 4 . The front to back ratio is almost 0 dB. The deviations between simulated and measured patterns is due to alignment errors and adapters utilized for measurements in the anechoic chamber.
The broadside gain is illustrated in Figure 5 . The simulated gain varies from 2 to 3 dBi across the bandwidth. Since, the measured beamwidths in the H plane (YZ) are more than 50 • across the band, a low but consistent gain has been observed. Gain measurements were performed with the standard gain transfer method using Keysight horn antennas [22] . It must be noted that to mitigate the path loss at 28 GHz, high gain antennas must be incorporated in the mobile terminals.
III. CPW FED CORNER BENT ANTENNA
The proposed antenna occupies electrically large volume (1.6λ × 2λ), hence might be unsuitable for mobile terminals as it is. Hence, a corner bent architecture is proposed. The CPW fed slot antenna is bent before the stepped impedance transformer, to create a uniform illumination towards the base station. But due to lack of a ground plane, the beam is split towards and away from the base station. The choice of 20 mil substrate is justified due its structural stability even after the introduction of the discontinuity. 5 to 10 mil substrates would be an ideal choice for corner bent architecture, but the dielectric scaffolding on which the antenna would be supported would create an additional detuning of the antenna [11] . Substrates beyond 30 mil would be much more stable structurally but the antenna would have to be built in a piece-wise manner, hence creating a substantial discontinuity in the feed-line leading to significant distortions in the radiation patterns.
It must also be noted that uniplanar feed would create the least discontinuity when the radiating structure is conformed onto the mobile terminal. Conventional microstrip feed would lead to increased discontinuity in the ground plane, as the 17µm of Copper on the ground plane is exposed to more strain, hence leading to higher fracture of the copper trace leading to poor transition to the radiator. The corner bent antenna design is illustrated in Figure 6 (a). The radiating aperture was maintained with a clearance away from the orthogonal ground to create a reasonable beam on both sides in the XY plane.
The distance between the feed and the aperture is still at 1λ to facilitate good radiation pattern measurements with the end launch connector [21] . It is evident from Figure 6 (b) that the radiation from a conventional antenna would be directed towards the user when in use. The proposed topology occupies lesser volume compared to the planar design. The simulated and measured input reflection coefficient of the corner bent antenna is shown in Figure 7 . The measured impedance bandwidth is from 28.5 to 33.5 GHz that is 16.2%. The reduction in impedance bandwidth is due to the introduction of discontinuity. The discrepancy between simulated and measured curves is due to the non-ideal bending of the 20 mil copper clad dielectric. Also, the corner bent model was assumed to incorporate a perfect 90 • bend in simulation, but a minor alignment error would have crept-in the implementation of the antenna.
The reflection coefficient deviation from the planar and corner bent design could be reduced with a CPW fed LPDA [16] , but achieving uniform gain for more than 20% bandwidth might be a challenging task. To maintain the input impedance behavior of the planar and its corner bent counterpart, additional impedance transformer could be designed, but since the reflection coefficient is within acceptable limits for the frequency of interest, additional design tweak was not necessary. The inductive corner bent discontinuity creates an input impedance of (42-j11) and (61+j7) at 27 GHz and 31 GHz hence creating a dual mode of operation, but the |S 11 | < −10 dB for a wider band.
The E-plane (XZ plane) co-pol and cross-pol patterns are shown in Figure 8 (a) from 27 to 30 GHz, in steps of 1GHz. The measured front beamwidth is around 25 • ± 10 • and front to back ratio of 0.5dB in the E-plane. The front halfspace is primarily due to the radiating slot, the radiation on the other side is due to the scattering effects from the electrically large ground in the orthogonal direction. It must also be observed that the effective aperture has been increased in the E-plane due to the parasitic ground, resulting in a decrease of beamwidth compared to the planar design, consequently increasing the gain by almost 2 dB in the bandwidth of interest. The H-plane (XY plane) patterns are shown in Figure 8(b) . Since, the parasitic ground plane is in the orthogonal plane, it has minimal influence on the H-plane patterns. The front beamwidth is around 60 • ± 10 • with a front to back ratio of 1 dB illustrating that the beam is almost identically split, with slightly higher radiation in the forward direction compared to the radiation towards the user, when mounted on a mobile terminal.
The measured patterns have a deviation in the back-lobe due to utilization of the electrically large adapter for pattern measurements. The forward gain in the XY plane varies from 4 to 5.6 dBi in the span from 25 to 33 GHz. measured gain is also depicted in Figure 9 . Since, the gain is stable across 27.5% bandwidth, the proposed corner bent antenna could be used for the 5G mobile terminals. The radiation patterns of the corner bent antenna illustrates that energy is directed towards the base station and the user. The proposed topology would also lead to higher specific absorption rate. In order to mitigate this effect, the back lobe must be diminished and enhance gain towards base station.
Several techniques could be incorporated for reduction of back lobe: A localized ground plane could be designed which would essentially be effective for a narrowband. An absorber such as Salisbury screen could be placed at quarter-wavelength away from the radiating aperture, but the gain would be reduced. The third technique is to place a wideband reflector for back-lobe reduction leading to gain enhancement in the forward direction [24] , since this architecture would provide relatively higher gain for a wider band compared to other methods, the reflector design is investigated.
IV. CORNER BENT ANTENNA WITH REFLECTOR
The obvious solution for design of a reflector would be to mount an electrically large (atleast 3λ × 3λ) metal behind the radiating aperture at quarter-wavelength at the center frequency, but this topology decreases the impedance bandwidth, hence a wideband reflector with periodic structure is proposed. It must also be noted that if reflector size is 3λ, i.e., 30 mm at 28 GHz, this dimension would be unacceptable since the panel height of typical smartphones is 10-15 mm [6] . Hence, the antenna integrated with reflector must offer high impedance bandwidth, gain and compact size. A linear phase structure is essential for gain enhancement, hence the slots are strategically etched as shown in the design evolution schematics of Figure 10 (a) the corresponding phase variation against frequency is illustrated in Figure 10(b) . The proposed unit cell and the simulation model are shown in Figure 11 (a). Conventional cross slots would be narrowband, the other alternative is to design multilayered reflectors to create a net effect of wideband reflection, and this topology would increase the overall size of the antenna. The overall size of the proposed unit cell is 0.5λ × 0.5λ at 28 GHz. two slanted stubs are etched out from Copper on the top plane of Nelco NY9220 20 mil substrate. The topology yields a linear phase ±90 • in the frequency range of 27 to 33 GHz as depicted VOLUME 7, 2019 in Figure 11(b) . Periodic boundary conditions were used in simulations. The polarization of the incoming plane wave was identical to that of the antenna, also the length of the waveguide was optimized to support only the dominant mode of propagation. The transmission and reflection characteristics are also illustrated in Figure 11 (b). | S 21 | is below −25 dB in the 25 to 35 GHz band. A 2×4 array of unit cells was designed as the reflector. This translates to 1λ × 2λ at 28 GHz.
The reported designs of wideband reflectors have an aperture of more than 2λ×2λ. The height of the proposed reflector decides front to back ratio in the E-plane. It was a compromise between the pattern and the footprint of the antenna. The width of the reflector decides the H-plane pattern, and hence the forward gain. 1mm of offset is maintained between the CPW line and the reflector to prevent coupling. The proposed antenna backed by wideband reflector is illustrated in Figure 12(a) .
The complete radiating structure is working in the quasi waveguide mode wherein the electrically small aperture radiates towards the reflector placed at 0.135λ which undergoes multiple reflections followed by radiation from the effective aperture as illustrated in Figure 12(b) . The offset between the reflector and the radiating aperture is the critical parameter which decides the gain and impedance bandwidth. It is observed that when the reflector is electrically close to the radiator, the reflector acts as the primary radiator and the slot becomes a parasitic, hence the antenna is strongly detuned, since the reflector does not support radiation per se. When the reflector is electrically far away from the slot (offset being 3 mm), the impedance bandwidth increases to 28% with a deterioration in gain. The offset of 1.5mm is chosen by considering the reflection coefficient and gain trade-off. A similar performance was observed when a PEC was substituted with similar aperture, but with an offset at 2 mm, hence proving that the proposed reflector is relatively compact. The simulated and measured reflection coefficient is depicted in Figure 13 . The impedance bandwidth is from 27 to 33 GHz (20%). The slight discrepancy is due to non-ideal alignment between the reflector and radiator.
The reflector acts as a shunt admittance to the radiator hence, offering an input impedance of (39-j4) and (49-j9) at 28 GHz and 31 GHz respectively, but since the frequencies are close a wide impedance bandwidth is achieved. Figure 14 illustrates the E-field plot of the side-view, without and with reflector of the corner bent antenna. The transmission mode of the CPW line and the radiation mode is clearly visible in both the plots. It must also be observed that without the reflector the orthogonal ground plane splits the beam in both the directions. The diffraction effect with the reflector is also clearly visible.
The experimental setup used in the measurements is depicted in Figure 15 . The inset photograph shows the zoomed view of the antenna under test. The simulated and measured co-pol and cross-pol patterns from 27 to 30 GHz are illustrated in Figure 16 . The beamwidth in the E plane (XZ plane) is around 76 • ± 5 • . The decrease in beamwidth is due to the cavity effect of the reflector and the slot. The radiation patterns are stable for the entire 20% band. The front to back ratio is more than 12 dB, as against 1dB without the reflector. This ratio could be further improved with a larger effective aperture symmetrically, leading to an increase in the footprint of the antenna. These values prove the utility of the proposed antenna in reduction of specific absorption rate when integrated with a mobile terminal. The sidelobe at 190 • to 220 • is primarily due to the reduced aperture in the z-direction. The sidelobe suppression would increase the forward gain by 0.5dB, hence the aperture is compromised. An L bent reflector was also attempted to reduce the sidelobe but it led to increased scattering from the sides. The patterns in H plane (XY plane) have a beamwidth of 60 • ± 50 • . The front to back ratio is more than 14 dB for 20% bandwidth. Since the effective aperture of the reflector is 2λ in the H-plane, hence a reduced beamwidth and superior front to back ratio is observed. The beamwidth increases at the higher end of the band due to chosen offset length of 0.135λ.
The 3D patterns in Figure 17 provides an insight into the radiation without and with reflector at 28 GHz, the behavior is similar in the entire band. The forward gain is shown in Figure 18 with the offset parametric analysis. As it is observed the gain is highest when the reflector is offset at 1.5mm. The parametric analysis is also in accordance with the gain-bandwidth principle. Since, the increase in volume between the reflector and the radiating aperture leads to an increase in the impedance bandwidth and a consequent decrease in the gain [25] . Simulated gain varies from 6 to 7 dBi in the band 25 to 35 GHz. Stable patterns across the band resulted in stable gain in H-plane. The gain is comparable to a strongly resonant microstrip patch antenna.
Gain enhancement of almost 2 dB is observed across the 20% band. Ideally, the gain enhancement should have been 3dB but since the reflector aperture is compromised, the gain enhancement is deviated.
The simulated and measured gain curves are depicted in Figure 19 . The maximum deviation between the two is 1.5dB.
The proposed designs along with the characteristics is summarized in Table 1 . The proposed CPW fed corner bent antenna integrated with a reflector has a wide impedance bandwidth with least gain variation compared to reported planar designs, as illustrated in Table 2 . 
V. CONCLUSION
A 20% wide impedance bandwidth antenna element with CPW feed on electrically thin substrate has been presented. The corner bent topology of the element has been investigated, which leads to minor detuning and poor front to back ratio due to the parasitic orthogonal ground plane. A wideband reflector is proposed and integrated with the corner bent radiator at 0.135λ to enhance front to back ratio upto 14 dB across the band. The impedance bandwidth is more than 20% with stable radiation patterns and forward gain of 6-7 dBi across the band of the proposed antenna.
